Friedrich Miescher Institute taken advantage of the fact that dendritic spines are Post Office Box 2543 extremely rich in actin (Fifkova and Delay, 1982; Matus 4002 Basel et al., 1982; Cohen et al., 1985) and that transfected Switzerland actin accummulates at these same sites ; we show here that this also occurs for actin labeled with green fluorescent protein (GFP), allowing the Summary direct visualization of spine dynamics. Using this approach, we report here the direct visualization of continDendritic spines have been proposed as primary sites ual actin-driven shape changes in dendritic spines that of synaptic plasticity in the brain. Consistent with this are part of synaptic contacts in living hippocampal neuhypothesis, spines contain high concentrations of acrons. As well as providing a general mechanism for mortin, suggesting that they might be motile. To investiphological plasticity in spines, the unexpected rapidity gate this possibility, we made video recordings from and extent of these changes have significant implicahippocampal neurons expressing actin tagged with tions for synaptic plasticity in the brain.
Figure 1. GFP-Tagged Actin Marks Actin-Containing Structures in Living Cells
(Top) A single frame taken from a video time-lapse recording (duration, 3 hr and 15 min) of a transfected rat embryo fibroblast cell expressing actin C-terminally labeled with green fluorescent protein (GFP). GFP-actin incorporated into stress fibers and structures associated with ruffling membranes at the cell's leading edge (arrowheads) . This frame was taken 38 min from the beginning of the timelapse sequence shown in the supplementary video data (see http:// www.neuron.org/supplemental/20/5/847). Scale bar, 20 m. (Bottom) A single frame taken from a video time-lapse recording of a transfected hippocampal neuron expressing actin N-terminally labeled with GFP that had been in culture for 48 hr. Actin is more highly concentrated in the growth cone compared to the axon shaft and forms filamentous structures that penetrate into lamellipodia (arrowheads) and are seen to be dynamic in the supplementary video data. Scale bar, 5 m. from untransfected cultures ( Figure 2D ). Together with previous data for epitope-labeled actin , this indicates that tagged actin effectively labels the actin in dendritic spines without altering their morphology. Top) The upper row shows four frames of GFP-actin fluorescence in spines of transfected hippocampal neurons, taken at the times indicated in seconds (top right). This data was taken from a video recording made as a continuous stream by integrating frames from the CCD camera for 1.5 s. The lower row shows spine profiles corresponding to the images in the upper row, derived by applying a thresholding routine to each frame. (Bottom) Data from a second continuous stream recording of GFP-actin dynamics in spines. The original and profile images are shown for the first frame (top left), followed by profiles from successive frames taken at the times shown in seconds at the top right corner of each frame. Scale bar, 0.5 m.
showed that spines changed shape constantly. To despines simultaneously in two different ways: (1) within a box enclosing the entire spine and (2) within a smaller termine the extent of these morphological changes, we box placed across the border of the spine (Figure 4 , top). converted the original video data to outline profiles using Another large box was used to measure the background. an edge detection function. This is shown in the bottom Displayed graphically, the fluorescence intensities from row of Figure 3A , where four frames from a continuous these boxes provide a measure of total spine actin from recording of GFP-actin motility in a single spine are the larger box and events involving changes in spine shown above their corresponding computed profiles.
shape from the smaller edge box. The results show that Initially, we recorded dynamic events in spines by although GFP-actin fluorescence intensity for the whole time-lapse video microscopy over periods of up to 30 spine varied only slightly (open symbols), intensity within min, demonstrating that actin-based spine motility is a the smaller box (solid symbols) underwent large excurrobust and ongoing feature of dendrite function. Subsesions that corresponded to the advance and retreat of quently, we recorded at increasingly faster rates and the GFP-actin fluorescence signal at the spine boundary. ultimately found that substantial changes in the configuTo assess the extent of these changes, we measured ration of spine actin are detectable at even the fastest the dimensions of spine profiles in individual video rate of recording possible, which used a 1.5 s integration frames in two orthogonal directions. The first measuretime with no intervening delay. Changes in spine profile ment was taken in the direction of the spine neck, exare more readily visible after the edge detection routine, tended from the point where the spine joins the dendritic as shown in Figure 3B where the first 43 s of a 2 min shaft to the edge of the head undergoing the largest recording are shown.
excursion during recording, and the second measurement was made at right angles to this at the widest Spine Dynamics Involve Changes in Shape, Not Size point of the spine head. The ratio between these two Assessment of multiple video recordings suggested that dimensions provides a criterion for overall spine shape, the primary event in dendritic spine motility involves which was repeated for every frame in each series. The changes in spine shape rather than size. To confirm this, data in the top series shown in Figure 5 correspond to we collected fluorescence intensity data from individual the profiles shown in Figure 3B , while the data below is taken from a second independent recording from another neuron. The results for six independently assessed spines are summarized in Table 1 . They show that the actin (top). Spine dimensions and overall appearance are not deaverage length and width of the spines during the retectably different between transfected (left) and control (right) cells.
cordings was greater than 1 m but less than 2 m.
The distribution of fluoresence from antibody-stained actin (top left)
While the average excursion between frames over the and transfected GFP-actin (center) overlap closely when displayed together (bottom). Scale bar, 2 m.
duration of the recordings was between 2% and 4%, the Spine profiles were derived from continuous recordings of spine actin dynamics, and the length and width were assessed from lines superimposed on individual frames as displayed here for four frames from each of two independent recordings. The ratios of length to width for every frame in each recording are displayed in the two graphs. To establish whether these changes in spine shape were (Bottom) Graphical display of the variations in intensity over time for each of the three spines shown above during the 3 min of reactin-based, we exposed transfected cells to two drugs blocked motility without significant depolymerization of spine actin (20 ng/ml). This can be seen at the top of Figure 6 , where frames taken from recordings either during a control period without drug (left) or during drug maximal excursions were 3-fold higher. The differences between the smallest and largest measurements for treatment (right) show that there were no major changes in spine number or overall morphology. spine length and width over the course of these 2 min recordings ranged from a minimum of 10% to a maxiTo demonstrate these motility blocking effects in still images, we assessed changes in fluorescence intensity mum of 31%. Thus, although spine dimensions are image demonstrates that cytochalasin D inhibited spine We conclude that the actin-based motility in dendritic spines is driven mainly by polymerization.
Data for six dendritic spines, based on profile measurements as shown for the examples in Figure 5 . The size columns show the average measurements for length and width over the entire series
Dynamic Spines Are Genuine
of sixty frames in each of the six recordings. The maximal excursion
Postsynaptic Structures
column shows the percent change in dimensions between frames or between the smallest and largest values over the entire recording
The transfected hippocampal neurons used to record of each spine (overall).
actin dynamics in spines were cultured under conditions in which electron microscopy has shown that mature, innervated spines are formed (Bartlett and Banker, 1984 Ziv and Smith, 1996) , experiments were performed frames and averaging the differences to eliminate backto demonstrate that the motile spines we observe are ground noise. The results, for recordings made before genuinely postsynaptic structures. To do this, we reand during drug treatment, are displayed at the bottom corded spine dynamics in GFP-actin-expressing cells of Figure 6 as gray scale images. This procedure disand then fixed them, while still on the microscope stage, plays sites of motility in the video recordings as dark and stained them with antibodies against several preareas. Under control conditions, in the absence of drug, synaptic vesicle marker proteins, including synaptophythis produced multiple punctate sites along dendrites sin, synaptotagmin, and synaptobrevin, to confirm that that corresponded to GFP-actin-labeled spines (seen they were contacted by axonal boutons. Figure 7A shows at the top). The absence of such sites in the lower right the GFP fluorescence image from a fixed cell in which the dynamic activity of the spines had been recorded prior to fixation. Figure 7B shows the corresponding image obtained by immunofluorescence staining with antibodies against synaptotagmin, and Figure 7C shows the combined image, revealing punctate synaptotagmin staining adjacent to GFP-actin-containing spines (arrowheads). As expected for a presynaptic marker, synaptotagmin is present in varicosities scattered along the dendrite but is absent from the dendrite itself (Figure 7B) .
Discussion
Previous studies have indicated that dendritic spines contain high concentrations of actin (Fifkova and Delay, 1982; Matus et al., 1982; Cohen et al., 1985) and we have recently shown that the ␤-and ␥-cytoplasmic actin isoforms, which are endogenously expressed by neurons, are specifically targeted to spines . We took advantage of these circumstances by Changes in spine morphology were essentially limited shows that the effects we observe are not the result of extraneous physical effects, such as thermal fluctuations, and at the same time identifies actin polymerization as the molecular mechanism responsible for changes in spine morphology. Further staining with antibodies against presynaptic marker proteins showed that motile spines are contacted by vesicle-containing axonal boutons, a result that is in agreement with previous studies showing that spines on hippocampal neurons cultured for several weeks are involved in mature synaptic contacts (Bartlett and Banker, 1984) . Given these now demonstrated rapid dynamics of spines, how might this affect synaptic efficacy? Two frequently discussed possibilities are that changes in spine shape may alter the influence of postsynaptic currents on the dendrite or that they affect second messengers, such as calcium, that are concentrated in spines (Lisman and Harris, 1993; Koch and Zador, 1993; Harris and Kater, 1994; Yuste and Tank, 1996) . Further possibilities emerge from evidence that the state of actin polymerization influences the channel properties of NMDAtype glutamate receptors (Rosenmund and Westbrook, 1993) . Ca 2ϩ entering through NMDA receptor channels could initiate a feedback loop in which actin-driven changes in spine shape influence the efficacy of transmission at individual synapses. Calcium-sensitive interactions between the actin-binding protein ␣-actinin shape, number, or density of dendritic spines following behavioral manipulations have been found in many studies involving a wide variety of animal species (e.g., Ruiz to shape: over recording periods of up to 30 min, spines Marcos and Valverde, 1969; Fifkova and Comery et al., 1996) . In this respect, the slice cultures, but these typically occurred over a time most intriguing aspect of our results is the rapidity of scale of days (Hosokawa et al., 1992; Muller et al., 1993;  shape changes in spines, with substantial alterations in Buchs and Muller, 1996) , suggesting that changes in the dimensions of individual spines being evident in the shape and those in size or number represent two distinct 1.5 s gap between successive recorded frames. This processes occupying different time scales. Although raises the possibility that the configuration of synaptic overall volume remained constant, spines manifested connections in the brain is in a constant state of actinsurprisingly large excursions in their linear dimensions, driven readjustment. It has been speculated that changes in spine morphology might bridge the gap between the ranging from 10% to over 30% over a 2 min period of electrophysiological events of sensory perception and recording and being as large as 10% between succesthe initial events of memory formation (Crick, 1982) . Our sive images of single spines that were separated by only results are consistent with this conclusion, and the pos-1.5 s. Although they are small in absolute size, these sibility of visualizing cytoskeletal plasticity in dendritic changes are large when considered in relation to the spines using the techniques described here may now dimensions of the synapse. Seen within the context of allow this hypothesis to be tested. synaptic elements in the brain neuropil, a 10% change in spine dimensions could represent a substantial alter-
Experimental Procedures
ation in functional connectivity.
Spine motility also ceased rapidly when cultures were
Materials and Constructs
treated with drugs that block actin polymerization and Cytochalasin D and 2,3-butanedione monoxime (BDM) were obtained from Sigma (St. Louis, MO); latrunculin B and KT5926 were recovered rapidly when these drugs were removed. This
